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Abstract 
Examining the relative contribution of local environmental stressors and regional factors in structuring 
biological communities is essential for biodiversity conservation and environmental assessment, yet their 
relative roles for different community facets remain elusive. Here, we examined the responses of 
taxonomic and functional structure of stream macroinvertebrate communities to local and regional factors 
across a human-induced environmental gradient in the Han River Basin, one subtropical biodiversity 
hotspot in China. Our objectives were: 1) to examine if functional traits were as effective as traditional 
taxonomic measures in differentiating anthropogenic disturbances; 2) to compare the relative importance 
of environmental versus spatial variables and catchment-scale versus reach-scale variables for the two 
community facets. We found that both species and trait compositions performed well in differentiating 
anthropogenic disturbances, indicating that both taxonomic and functional structures of macroinvertebrate 
communities were altered by human activities. Particularly, traits including voltinism, development, adult 
life duration, dispersal ability, respiration, body size, rheophily, habit and trophic groups appeared to be 
promising indicators of stream conditions. We found that environmental variables played more important 
role than spatial effects in structuring both taxonomic and functional facets of macroinvertebrate 
communities. Environmental filtering was more important in determining functional than taxonomic 
structure, and the opposite was true for spatial effects. In terms of environmental variables, catchment 
land-uses played the primary role in determining taxonomic composition, whereas reach-scale variables 
related to local habitat heterogeneity were more influential for functional structure. Our study highlights 
the importance of employing metacommunity perspectives and different community characterizations in 
both theoretical and applied research. For stream bioassessment and management, we argued that the 
combination of taxonomic and functional characterizations of community should be implemented, as 
different facets of biological communities responded to different types of anthropogenic disturbances.     
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1. Introduction   
Global change impacts the biodiversity and functions of all ecosystems (Sala and Wall, 2000), and 
freshwater ecosystems, communities and species are severely jeopardized by anthropogenic impacts 
(Strayer and Dudgeon, 2010). Stream biological communities are thus profoundly threatened by multiple 
stressors caused by anthropogenic activities operating at a wide range of spatial and temporal scales 
(Larsen and Ormerod, 2013). Forecasting responses of stream biological communities to environmental 
stressors and changes therein can support a mechanistic approach for monitoring, managing and 
conserving biodiversity and ecosystems functions (Nd et al., 2015; Poff et al., 2010). Traditionally, main 
emphasis has been focused on the relationships between taxonomic measures (i.e., species composition 
and diversity indices) and local environmental variables. These studies have indeed revealed a remarkable 
variation in community structure along particular stressors, such as land-use practices (Helms et al., 
2009), water eutrophication (Sandin and Johnson, 2000), and increased amounts of fine sediments 
(Richards and Bacon, 1994). However, taxonomic approaches do not allow the establishment of causal 
relationships between biological communities and stressors, and provide little information about 
ecosystem functioning (Dolédec et al., 2006; Menezes et al., 2010). New approaches for biomonitoring 
purposes are still required to assess the potential risks on stream ecosystems at different spatial scales. 
In recent years, trait-based measures have received renewed attention as a promising approach in 
freshwater bioassessment (Heino, 2005; Menezes et al., 2010; Ning et al., 2017; Poff et al., 2010) because 
of several advantages: (1) Traits can be compared across multiple geographical regions that differ in their 
specific species composition, because the same traits are expressed by most species in the world (Heino et 
al., 2013b). (2) Traits also provide insights into the mechanisms causing observed changes in functional 
and structural characteristics of communities (Dolédec et al., 2006; Miserendino and Masi, 2010). Certain 
traits that affect ecosystem functions by influencing organismal performance, known as functional traits, 
were suggested to be a proxy of community functions in response to anthropogenic pressures (Menezes et 
al., 2010). This proxy of community function (hereafter, functional structure) should show a relatively 
stronger sensitiveness and a consistent response to environmental stressors, and it may do better in 
predicting changes in ecosystem functioning compared with taxonomic measures (Dolédec et al., 2006; 
Göthe et al., 2017; Tolonen et al., 2017).   
Although previous studies emphasize the dominant role of local environmental conditions in driving 
community variations in freshwater ecosystems, it has been increasingly recognized that regional forces, 
such as spatial processes (relating to dispersal and other stochastic processes) strongly affect community 
structure and function (Cottenie, 2005; Heino et al., 2015; Ricklefs, 1987). Such perspectives are in 
accordance with the metacommunity concept, which aims to combine multiple ecological processes 
operating from local to regional scales into explaining the mechanisms of community assembly (Heino, 
2013; Leibold et al., 2004). Therefore, teasing apart the relative importance of local filters and regional 
forces has become an important objective of metacommunity ecology, and neglecting the role of regional 
effects may result in overestimating or underestimating the importance of certain local factors in 
theoretical explorations and scientific practices (Cai et al., 2017; Liu et al., 2016). However, most studies 
mainly focused on examining the relative influence of local and regional factors on taxonomic measures, 
while functional metrics have been studied in the metacommunity context only relatively recently (Heino 
et al., 2007). Empirical evidence is still limited as few studies have directly compared the relative 
importance of focal ecological predictors on taxonomic versus functional structure simultaneously using 
the same metacommunity data and analytical approaches in stream ecosystems (Göthe et al., 2017). 
Community characterizations based on taxonomy and functional traits should respond differently to 
the focal ecological drivers (Göthe et al., 2017). Generally, species composition is typically limited by the 
regional species pool, and might be determined by various ecological drivers, including local 
environmental conditions, species dispersal, climatic constraints and also some historical factors 
(Barrington, 1993; Schleuning et al., 2014). In contrast, functional structure should be most strongly 
related to environmental variables owing to the high correspondence between traits and environmental 
conditions (Ning et al., 2017; Townsend and Hildrew, 1994). Furthermore, environmental stressors at 
different hierarchical scales (e.g., reach and catchment scales) may contribute distinctly to different 
community characterizations (Tolonen et al., 2016). In addition, if taxonomic and functional structures are 
driven by different aspects or scales of environmental stressors, the two community characterizations may 
be complementary and should be considered simultaneously in bioassessment programs to discriminate 
multiple anthropogenic disturbances. 
To better understand the mechanisms of community assembly and develop useful ecological 
indicators, we here examined the potential causes of the variations in taxonomic and functional structure 
of stream macroinvertebrate communities. Our study systems are located in the tributaries of the Han 
River, the largest tributary of the Yangtze River, China. These streams present strong environmental 
gradients and considerable habitat heterogeneity resulting from human disturbance and natural 
environmental conditions, thereby providing an ideal testing ground to explore roles of different drivers in 
structuring variation in stream biological communities. We aimed to assess the effects of human 
disturbances on taxonomic and functional structures, and then provide an integrated picture of the 
response of the two community characterizations to local and regional factors in the study area. In 
addition, we tested the following hypotheses: 1) functional structure should discriminate anthropogenic 
disturbance gradients as well as taxonomic structure; 2) both spatial factors and environmental variables 
at the catchment and reach scales play essential but different roles in determining taxonomic and 
functional structures. More specifically, we expected that functional structure should be primarily shaped 
by environmental variables, especially at the reach scale, while spatial factors and catchment scale 
variables should be more important for taxonomic than functional structure. We hope that this study 
would help assessing and predicting shifts in community structure and function under environmental 
stress situations, which may provide guidance for effective bioassessment and conservation of freshwater 
ecosystems. 
Materials and methods 
2.1 Study area 
This study was located in the upstream headwaters of the Han River (31°52′-34°20′ N, 106°09′-
118°47′ E), water source region of the Middle Route of the South to North Water Transfer Project (MR-
SNWTP) in China (Wang and Tan, 2017; Zhang et al., 2009). This region represents a transition area 
between northern-subtropical and warm-temperate regions with unique landscapes of geomorphology, 
making it one of the most important biodiversity hotspots in China. However, in recent years, this region 
has undergone a significant anthropogenic interference, such as a dramatic land-use change (e.g., a 
decline in native forest coverage, and an increase in the proportion of agricultural and urban land-uses), 
anabatic commercial sand dredging works, and strengthening water conservancy facilities (Li et al., 
2009).  
We sampled a total of 67 stream sites in 6 headwater streams of the Han River Basin during March 
and April 2017. This is the season when the majority of macroinvertebrates in streams are still in the 
larval stage in the study region. The descriptions of characteristics and main types of human disturbance 
in each stream are listed in the supplement file (Fig. A.1, Table A.1). These streams have suffered from 
various disturbances which can be used to reflect the main types and degrees of anthropogenic 
interference in the Han River Basin. We classified sampling sites into reference (Good), moderately 
disturbed (Fair), and severely disturbed (Poor) based on a comprehensive environmental disturbance 
score which was modified from Weigel and Dimick (2011. This score was a composite of six variables 
involving water quality variables (i.e. total phosphorus and total nitrogen), land use variables (agricultural 
and urban land percentage), flow regulation (dam and sand-mining) and historical point-source pollution 
(Table A.2), and was proved to be appropriate for describing the disturbance level of streams in this 
region (Jiang et al., 2017; Jiang et al., 2014). Nutrient concentrations for disturbance scores were based on 
the environmental quality standards for surface water of the People’s Republic of China (GB 3838-2002) 
(MEP, 2002). Disturbance scores for TN and TP reflect the break points of Class II, Class III, Class IV 
and Class V water (water quality declines with increasing class). Disturbance scores for land-use, flow 
regulation and point-source pollution problems basically followed environmental classifications from 
Weigel and Dimick (2011. We thus identified a total of 18 reference sites, 24 moderately disturbed sites 
and the remaining 25 severely disturbed sites (Fig. 1).  
2.2 Macroinvertebrate sampling 
Benthic macroinvertebrates were obtained from three quantitative replicates using a Surber sampler 
(30 × 30 cm, 500μm mesh). The three samples covered most representative benthic microhabitats (usually 
riffles and pools) along a 100 m reach of each site. The samples were maintained in a low temperature 
incubator and then returned to the laboratory on the same day. The specimens were then hand-picked 
carefully from sediment on a white porcelain plate and later stored and preserved with 70% ethanol. We 
identified most macroinvertebrates using a stereo microscope (Stemi 508), and Oligochaeta and head 
capsules of Chironomidae using a microscope (Imager A2). Specimens were indentified to the lowest 
possible taxonomic level (usually genus or species) in the laboratory according to the relevant references 
(Brinkhurst, 1986; Dudgeon, 1999; Epler and Quality, 2001; Morse et al., 1994; Zhou et al., 2003). The 
three samples per site were pooled and then converted to density per square meter prior to the statistical 
analyses. 
 
2.3 Functional traits   
Twelve traits belonging to four trait groups (Life history, Mobility, Morphology and Ecology) for 
macroinvertebrates were selected and then subsequently divided into a total of 39 categories using a 
“fuzzy coding” approach (Table 1, see Usseglio‐Polatera et al. 2000). These traits have previously been 
proved to be key traits responding sensitively to anthropogenic disturbance or natural environmental 
gradients (Díaz and Alonso, 2008; Miserendino and Masi, 2010; Saito et al., 2015), and thus they are 
suitable for the purposes of this study. Afterwards, we constructed a site × trait abundance matrix to 
represent community functional structure. This matrix was obtained by multiplying a species × trait 
matrix (e.g., 1 if a species displays a trait, 0 if not) by a site × species abundance matrix, and was widely 
used in previous studies to represent community functional composition (Poff et al., 2010; Strecker et al., 
2011; Tolonen et al., 2017). We obtained species trait information mainly from published articles and 
other relevant literature (Poff et al., 2006; Usseglio‐Polatera et al., 2000; Vieira et al., 2006).  
 
2.4 Environmental variables 
We measured reach-scale physical habitat variables at each site after macroinvertebrate sampling. 
Channel width (measured using a Ranger Finder instrument) and water depth (using a calibrated stick) 
were averaged from at least five equal transects. Current velocity (ms-1) was determined in the middle of 
the sampling location with a LJD-10 flow-meter. Water temperature and dissolved oxygen were measured 
with a WTW Multi 340i probe. Substratum was assigned into one of the five types: (i) Sand and silt (< 2 
mm), (ii) Gravel (2-32 mm), (iii) Pebble (32-64 mm), (iv) Cobble (64-256 mm), and (v) Boulder (>256 
mm), and their percentages were estimated at each site using a 1 m
2
 grid.  
At each site, water chemical features were measured to represent water quality conditions. Turbidity, 
pH and conductivity were measured with an YSI6680 Multi-probe Water Quality Sonde. Then, water 
samples were collected and preserved in the field by acidification with concentrated H2SO4 and kept in a 
cool box for laboratory determination of chemical composition. Eight chemical variables including total 
nitrogen (TN), nitrate nitrogen (NO3), nitrite nitrogen (NO2), ammonium nitrogen (NH4), total 
phosphorus (TP), soluble reactive phosphate (SRP), chemical oxygen demand (CODMn) and soluble 
silicon (Si) were analyzed according to the standards provided by Wei et al. (1989) and Huang et al. 
(1999).  
We delineated the sub-basin area for each sample site by ArcGIS 10.3 (Esri, Inc.) using Digital 
Elevation Models (DEM) with 30m resolution which provided by the Chinese Academy of Sciences 
(http://www.cnic.cn/) for land use analysis. For each sample site, land use data used included available 
remote sensing images of Landsat images, Sentinel 2 and ASTER with 30 m resolution. The images were 
then interpreted and expressed as the percentage of seven principal land use types (i.e. forest, agriculture, 
grassland, urban, open water, bare land and “others”) using ENVI 5.3 (Exelis Visual Information 
Solutions, Inc.) within a sub-basin, and the map's overall classification accuracy is more than 85% 
(Huang et al., 2016). We also calculated land-use diversity using Shannon-Weaver index based on the 
proportions of the land-use variables (Liu et al., 2016).  
2.5 Spatial factors 
We used a spatial eigenfunction approach (Borcard and Legendre, 2002) based on overland distances 
among sampling sites to create Moran's Eigenvector Maps (MEMs) as spatial predictors (Dray et al., 
2006). The MEMs represents the spatial configuration of sample units using principal coordinates of a 
truncated (nearest neighbors only) among samples distance matrix and the coordinates with positive 
eigenvalues were retained as spatial variables in the subsequent analyses (Gilbert and Bennett, 2010). 
MEMs with high eigenvalues represent broad-scale geographical/spatial patterns, and low eigenvalues 
represent fine-scale geographical/spatial patterns in species distributions. We only measured overland 
distances by considering the lesser hydrological connections in the whole study area and that spatial 
eigenvectors based on either straight-line or watercourse distances may provide similar information about 
spatial effects on community structures (Grönroos et al., 2013; Heino et al., 2017). MEM analysis was 
carried out in the R environment, using the “pcnm” function from the vegan package (Oksanen et al., 
2013).  
2.6 Data analysis 
One-way analysis of variance (ANOVA) was used to detect the differences of environmental 
variables (both reach and catchment scales), taxonomic metrics (i.e. abundance and relative abundance of 
higher taxa) and functional metrics (i.e. trait relative abundance) among the three condition-based site 
groups. These comparisons were carried out with Tukey’s honestly significant difference (HSD) post hoc 
tests. In cases of persistent heteroscedasticity (i.e. if results of Levene’s test were significant), we 
performed Games-Howell tests which do not assume equal variances between groups (Beckmann et al., 
2005).  
Canonical analysis of principal coordinates (CAP, Anderson and Robinson, 2003) was performed to 
identify average differences in environmental conditions, taxonomic composition and functional structure 
among the three site groups. CAP is a variant of principal coordinates analysis (PCOA) which can find 
axes through the multivariate cloud of points that best discriminate among a priori groups (Anderson et 
al., 2008). This analysis can be based on any type of resemblance matrix, and we thus used Euclidean 
distance for environmental data, and Bray–Curtis similarity for species and trait abundance data to 
determine variations between the three condition-based site groups. Prior to CAPs, biological and 
environmental parameters were also log (x+1) transformed and standardized. Then, we ran the 
diagnostics test in CAP to guarantee the number of PCO axes leading to the best discrimination among 
site groups, and tested the null hypothesis that group centroids do not differ by using 999 permutations 
(Heino et al., 2013a).  
Distance-based redundancy analysis (dbRDA) based on Bray-Curtis dissimilarity on log (x+1) 
transformed abundance data was performed to examine relationships between biology metrics (using 
taxonomic and trait abundance data) and key ecological drivers. First, non-normal environmental 
variables, except pH, were log(x+1) transformed to improve their normality before data analysis, and 
highly correlated variables (Pearson′s r > 0.75) from each set of environmental variables were removed 
(Table A.3). Second, a forward selection using the function “ordiR2step” in vegan was conducted on the 
two sets of environmental variables (i.e., catchment and reach scale) and spatial (MEMs) factors 
separately to select a minimum set of variables with significant contributions (P < 0.05, after 999 random 
permutations) to explaining variation in taxonomic and functional composition (Oksanen et al., 2013). 
Forward selection was carried out only if the global test including all explanatory variables of a variable 
group was significant. Forward selection was conducted with two stopping rules: the adjusted R
2
 value of 
the reduced model exceeded that of the global model or the critical p value (p = 0.05) was exceeded. 
Finally, we used a hierarchical partitioning of variance approach to determine how variation in taxonomic 
and functional structures was explained by spatial factors versus environmental variables and then by 
catchment-scale versus reach-scale environmental variables (See also Liu et al., 2016; Poff et al., 2010). 
The total percentage of variation explained in taxonomic and functional structures was thus divided into 
unique and shared fractions accounted for by each set of ecological predictors. We reported adjusted R
2
 of 
pure and shared contributions of the spatial and environmental variables from the constrained ordinations, 
because of their impartiality and strong recommendation in previous studies (Peres-Neto et al., 2006). We 
also tested for the significance of pure fractions of each set of predictor variables by means of 999 
permutations at a significance level of α = 0.05 using the function “anova” in the package vegan (Peres-
Neto et al., 2006). We ran all univariate ANOVAs using the SPSS statistical program (version 22.0), CAP 
analyses using the PERMANOVA+ for PRIMER 6.0, and dbRDA analyses and variation partitioning 
with the vegan package in R (Oksanen et al., 2013). 
2. Results 
3.1 Environmental variables 
CAP analysis revealed a significant distinction of the environmental characteristics among the three 
site groups (Fig. 2a, Table 2), confirming that the site classification was broadly reliable. Significant 
differences were detected for 20 variables (one-way ANOVAs, all p < 0.05) among three site groups, 
including water quality, physical habitats, and land use factors (Table 2). Four water chemical variables 
(COD, TP, PO3 and NO2), five land use variables (LD, % Agriculture, % Open water, % Urban and % 
others), and six physical habitat variables (i.e., EC, WT, Turb, WD, % Gravel and % Sand) were 
markedly higher at the disturbed sites than at the reference sites. On the contrary, only two water 
physical-chemical variable (DO and pH), one land use variable (% Forest) and two coarse substrates (% 
Boulder and % cobble) were pronouncedly higher at the reference sites than at the disturbed sites. There 
were no significant differences among the three site groups for the remaining environmental variables 
(p > 0.05).  
3.2 Benthic taxonomic composition  
A total of 227 taxa were identified, belonging to five phyla, nine classes and 82 families. Aquatic 
insects contributed 86% of the total richness (Table A.4), with Ephemeroptera (41.7% of total abundance, 
26 taxa overall), Chironomidae (20.1%, 65) and Trichoptera (15.6%, 36) as the taxonomically and 
numerically richest taxonomic groups. Baetidae (Baetis sp. and Baetiella sp.), Heptageniidae 
(Rhithrogena sp.) and Chironomidae (Orthocladius sp. and Polypedilum sp.) were the most common and 
abundant families in the study streams. 
CAP analysis indicated that taxonomic structure of macroinvertebrate communities differed 
distinctly among the three groups (Fig. 2b), and the percentage classification of sites to their parent group 
was 76.7% (Table 2). There was significant difference in species richness and total abundance among 
three site groups (One-way ANOVA, p < 0.05) (Table 3). Also, significant differences were detected in 
the relative abundance of higher taxa and the most abundant families (Table 3). Generally, good and fair 
sites had a significantly higher abundance of sensitive insects, e.g., Plecoptera (Perlidae spp.) and 
Trichoptera taxa (Glossosomatidae spp.) than poor ones, whereas poor sites exhibited the highest 
abundance of Chironomidae, Oligochaeta and Mollusca (p < 0.05, Table 3). No significant differences 
were detected for the density of Ephemeroptera (F = 2.501, p = 0.090) and Coleoptera (F = 0.696, p = 
0.502) in our study.  
3.3 Functional trait structure 
According to CAP analysis, functional structure of macroinvertebrate communities also differed 
among the three groups (Fig. 2c), with the percentage correct classifications reaching 70.8% (Table 2). A 
total of 21 categories belonging to nine traits differed significantly among three site groups (Fig. 3, Table 
A.5). For life history traits, good sites exhibited a significantly higher abundance of taxa characterized by 
the traits “Univoltine”, “Slow seasonal developed” and “< 1month”, while disturbed sites had markedly 
more individuals within the trait categories “Bi- or multivoltine”, “Fast seasonal development” and “< 
1weak”. Two morphology traits including “Body size” and “Respiration” differed significantly among 
groups: taxa with the traits “Small” and “Large” body size, “Respiration Tegument” and “Air (valve, 
trachea, gas film)” were more inclined to occur in poor sites, while taxa with “Medium” size and 
breathing using “Gills” occurred more frequently at good and fair sites. Only one mobility trait (i.e., 
Dispersal ability) differed markedly among groups: good and fair sites showed a significantly higher 
abundance of weak dispersing taxa, while poor sites had significantly more individuals with strong 
dispersal ability. In terms of ecology traits, taxa favoring “Depositional” habitats were more abundant in 
poor sites, while “Erosional” species were mainly distributed in good and fair sites. Furthermore, poor 
sites revealed a much higher abundance of taxa possessed “Burrow” and “Sprawl” habits and were always 
“Collector”; however, good sites had significantly more individuals in the habit “Cling” and within the 
trait category “Filterer”. There were no significant differences among the three site groups for the 
remaining traits including “Armoring”, “Occurrence in drift”, “Swimming ability” and “Body shape”.   
2.4 Key environmental and spatial factors affecting community structures 
For taxonomic composition, six catchment-scale variables (i.e., % agriculture, % forest, % open 
water, % grass, % urban and % others), eight reach-scale variables (EC, CODmn, water temperature, 
NH4, NO3, % pebble, TP and DO), and eight spatial factors related to both broad (MEM1-5 and MEM8) 
and fine (MEM21 and MEM26) geographical patterns were selected for further analyses (Table 5). For 
functional structure, three variables (% agriculture, % forest and % urban) from the catchment-scale, six 
variables (% pebble, NO3, % gravel, DO, current velocity and mean depth) from the reach-scale, and four 
spatial factors (MEM1, MEM21, MEM26 and MEM8) were retained and subsequently used in variation 
partitioning process (Table 5).  
3.5 Relative roles of environmental versus spatial and catchment versus reach scale variables for 
community structures  
Variation partitioning showed that spatial factors and environmental variables at reach- and 
catchment-scales were all important in explaining variation in macroinvertebrate assemblages, yet their 
relative roles varied among different community descriptions (Fig. 5). For species composition, a total of 
34.9% of the variation could be explained by the selected environmental and spatial variables based on 
the adjusted R
2
 values. Environmental variables explained more of the variation in community structure 
(11.3%) compared to spatial factors (3.4%). In terms of environmental variables, the variation was more 
effectively explained by catchment- scale variables (9.7%) compared to the reach-scale variables (6.3%).  
For functional structure, the retained variables accounted for 51.4% of the total variation, and 
environmental variables explained more of the variation (30.8%) compared to spatial factors (4.4%). 
Partitioning of environmental variables showed that, reach-scale variables played more important roles 
(24.2%) over catchment-variables (8.0%) for functional structure.  
Remarkably, all the pure fractions were significant (p < 0.05) after accounting for the effects of the 
other predictor variable set, implying that each set of predictor variables involved in our study were 
significant for the response data (taxonomic and functional structures). Furthermore, the shared effects of 
each set of ecological factors also accounted for a considerable percent of variation (from 14.8% to 
20.1%) in both taxonomic and functional structures.    
3. Discussion 
4.1 Effects of anthropogenic disturbances on taxonomic versus functional structure  
Recent research on perturbed streams has shown that the structural and functional attributes of 
stream communities are strongly affected by anthropogenic activities (Dolédec et al., 2006; Dolédec et 
al., 2011; Menezes et al., 2010; Miserendino and Masi, 2010; Saito et al., 2015). Our results supported the 
findings of these previous studies, as both taxonomic and functional structure could discriminate different 
anthropogenic disturbance-related site groups. In accordance with traditional bioassessment practices, 
taxonomic metrics including species richness, abundance and relative abundance of some dominant 
groups dramatically varied along disturbance gradients (Mccabe and Gotelli, 2000; Nd et al., 2015). 
Specifically, significant decreases in the abundance of some Ephemeroptera, Plecoptera and Trichoptera 
(EPT) taxa and increases of Chironomidae, Oligochaeta and Mollusca in association with disturbance 
intensity have been reported elsewhere in freshwater bioassessment studies (Cooper et al., 2009; Dolédec 
et al., 2006; Jun et al., 2011; Rosa et al., 2014). The variation of taxonomic composition indeed provides 
guidance for biomonitoring work; however, integrating trait-based information into community analysis 
can enhance the understanding of mechanisms causing observed changes in functional and structural 
characteristics of biological communities (Dolédec et al., 2006; Heino, 2011).  
In terms of functional structure, half of the categories belonging to nine traits differed significantly 
among disturbance-based site groups, and these traits are therefore good candidates for inclusion in 
measures of stream condition. Particularly, species with traits that favor high resistance or resilience 
capacity to degraded habitat conditions, such as multivoltinism, fast development time, short life span, 
small body size and flexible mobility predominated in highly disturbed sites. These species are typically 
recognized as r-strategists (Southwood, 1977), exhibiting less dependency on stable environments, and 
have been recorded to be abundant in various disturbed systems, such as agricultural streams (Dolédec et 
al., 2006), pesticide-polluted rivers (Schäfer et al., 2007) and sand-dredging lakes (Meng et al., 2018). In 
contrast, univoltine species developing slower and having larger body size, longer life span and weaker 
mobility, known as K-strategists, were more abundant in the reference sites, showing relatively higher 
dependency on stable environments with a low intensity of disturbance to maintain populations 
(Oschmann, 1988).  
Respiratory mode embodies the adaptation of benthic fauna to dissolved oxygen (DO) in the water 
column (Chapman et al., 2004). Previous studies have shown that species with tegument respiration are 
more resistant to lower DO levels than species with gill respiration (Feio and Dolédec, 2012). Other 
studies also argued that species with aerial respiration are independent of DO, and degraded stream 
habitats favor aerial respiration (Scheinin et al., 2001). Our results fully agreed with the above 
perspectives as poor sites with lower DO level were more associated with species showing aerial and 
tegument respiration compared with the good and fair sites which were dominated by species with gill 
respiration. “Rheophily” and “Habit” are always related to the conditions of physical habitat that species 
live in, such as bottom substrates (Ning et al., 2017; Pollard and Yuan, 2010). In our study, poor sites 
exhibited significantly higher percent of fine sediments (i.e., sand and clay) than good and fair sites (with 
more percent of coarse substrate), mainly owing to the adverse effects of land-use practices (e.g., 
agriculture) in this basin. Species prefering fine sediments are more inclined to burrow into or sprawl on 
the surface of these bottoms, while taxa favoring coarse substrates may be more likely to cling on 
relatively stable bottoms to avoid being washed away (Morse et al. 1994). Anthropogenic disturbance 
(e.g., agricultural land use) also affect the balance of functional feeding groups by altering organic matter 
inputs and in-stream production (Dolédec et al., 2011; Menezes et al., 2010). It has been well documented 
that collectors and filterers dominate habitats subjected to high levels of human disturbances, reflecting 
the relatively high amounts of fine particulate organic matter in both sediment and water column of such 
localities (Miserendino and Masi, 2010). We indeed found a higher abundance of collectors in poor sites, 
but a higher proportion of filterers were detected in the good and fair sites (Fig 3). This finding may 
partially because the main filterers in our study are caddisflies (e.g., Hydropsychidae and 
Brachycentridae) who need stable coarse substrate to attach their nets and cases (Statzner, 2011). 
Therefore, future research in both theoretical and applied fields should also consider the interplay and 
trade-offs between trait modalities as well as focusing on the responses of single trait. 
4.2 The effects of environmental versus spatial factors on community structures 
Understanding how environmental stressors and spatial factors structuring freshwater biological 
assemblages is not only of theoretical interest but also important within the field of applied ecology 
(Heino, 2013). Consistent with current understanding of headwater streams, environmental variables 
played more important roles than spatial factors for both community characterizations (Göthe et al., 2017; 
Heino et al., 2012; Landeiro et al., 2012; Rádková et al., 2014). Specifically, as the streams in our study 
area covered a wide range of natural and human-induced environmental gradients, this finding could be 
explained by the high environmental variation or habitat harshness which provided a large scope for 
environmental filtering (Liu et al., 2016). As we expected, environmental variables indeed explained 
larger fractions of variance in functional than taxonomic structure, and the opposite was true for spatial 
factors (Fig 5a). These results indicated a more sensitive response of functional structure to environmental 
variations compared to traditional taxonomic metrics, a feature also observed by others (Dolédec et al., 
2011; Göthe et al., 2017; Pollard and Yuan, 2010). This finding was not surprising because environmental 
conditions sort species to coexist in local communities via specific combinations of traits but not species 
identity per se, supporting the concept of habitat templets (Southwood, 1977; Townsend and Hildrew, 
1994).  
Spatial factors were also detected to play important roles for benthic macroinvertebrate communities, 
indicating that dispersal processes were important for community assembly (Brederveld et al., 2011; 
Grönroos et al., 2013). Furthermore, spatial variables were more important, although only marginally, for 
taxonomic than functional structure (Fig 5b). This is because congeneric species always possess similar 
traits, causing a high consistency and stability in functional composition along geographical gradients, 
while species composition rests on species pools and should document high species turnover, resulting 
from spatial limitation (Heino et al., 2007; Statzner et al., 2004). In this context, our result that spatial 
factors also played essential roles in determining functional structure was consistent with findings from 
other empirical studies (Erös et al., 2009; Göthe et al., 2017; Poff et al., 2010). The detected spatial effects 
on functional structure in our study may be either explained by the distributions of individual species and 
the consequent differences in functional traits (Heino, 2005), or because the spatial distribution of some 
environmental factors that filter species with suitable traits is spatially patterned or limited to a certain 
spatial scale (Ning et al., 2017).  
 4.3 The effects of catchment versus reach scale variables on community structures 
Our study showed that macroinvertebrate communities were hierarchically structured by 
environmental variables at both catchment and reach scales, which was consistent with the hierarchy 
theory (O'Neill et al., 1989) and the landscape filtering hypothesis (Poff, 1997). Also, the two community 
characterizations responded differently to each set of predictor variables at catchment and reach scales.  
Environmental factors influenced taxonomic structure, which is most evident at the catchment scale, 
as was also found in our study. Catchment land-use practices strongly affect community structure either 
by directly altering basin hydrological regimes and further modifying local physical habitats, or indirectly 
through changing nutrient concentrations in streams (Castro et al., 2018; Robinson et al., 2014; Shilla and 
Shilla, 2011). Generally, increasing land use intensity (e.g., agricultural intensification and urbanization) 
would heavily degrade benthic communities (Kasangaki et al., 2008; Wang et al., 2018), while pristine 
land use patterns (e.g., forest vegetation coverage) may boost the number and density of species, 
especially those of specialist species (Börschig et al., 2013; Silva-Junior and Moulton, 2011). Therefore, 
catchment-scale variables could shape the pool of species that may potentially occur in a local 
community, thereby strongly influencing local community structure (Weijters et al., 2010).  
Contrary to the case of taxonomic structure, functional structure was mainly influenced by reach-
scale variables. Such finding was likely owing to the greater proximity of reach-scale variables to the 
organisms, which provides immediate filtering effects for traits compared with large-scale variables like 
land-use practices (Richards et al., 1997). Reach-scale variables related to physical habitats (i.e., bottom 
substrates, DO, Vel and MD) were selected in the dbRDA models prior to water nutrient (NO3), implying 
the importance of physical habitat heterogeneity for trait variation. This result was reasonable because 
some traits used in our study are the reflections of habitat conditions, such as respiratory modes for DO 
level, rheophily and habits for bottom substrates and occurrence in drift for current velocity (Chapman et 
al., 2004; Ning et al., 2017; Richards et al., 1997). Moreover, this finding also supported the coexistence 
theory that habitat heterogeneity provides opportunities for niche partitioning and thus allows species 
with different specialized niches to coexist and maintain viable populations in local communities (Stark et 
al., 2017).   
3.4 Implications for Environmental Assessment  
A main challenge of employing biological data for environmental assessment is the selection of 
biological metrics showing utility to discriminate anthropogenic impact. Our results revealed that 
functional traits of stream macroinvertebrate assemblages provide an alternative, or perhaps a 
complementary way, to taxonomic approaches in differentiating anthropogenic disturbance in stream 
ecosystems. Among the traits involved, the ones related to life history (i.e., voltinism, development and 
adult life duration), mobility (dispersal ability), morphology (respiration and body size) and ecology 
(rheophily, habit and trophic groups) were good candidates to assess anthropogenic impacts on streams.  
Most bioassessment programs are generally based on the assumption that variations in biological 
assemblages are mostly determined by local environmental conditions (Cai et al., 2017; Heino, 2013). 
The roles of spatial processes that may strongly affect biological communities are generally ignored, 
which may bias the assessments of ecological status based on biological metrics (Heino et al., 2015). 
However, our present study highlighted that spatial factors are important for variation in both taxonomic 
and functional structure. Hence, spatial processes should also be taken into account to improve the 
assessment of human impacts on stream ecosystems (Liu et al., 2016). Improved bioassessment 
approaches should thus discriminate the signal due to human disturbance from the natural variations, such 
as those caused by dispersal processes (Heino et al., 2015).  
Some previous studies argued that trait-based measures should act as more time-saving and 
economic approaches over taxonomy-based measures, implying that a high resolution of species 
identification may not always be necessary in future stream biomonitoring practices (Árva et al., 2016; 
Dolédec et al., 2000; Menezes et al., 2010). However, the two community characterizations in our study 
responded differently to the focal environmental stressors, with taxonomic structure being primarily 
determined by catchment land-uses and functional structure being more strongly controlled by local 
habitat conditions. In other words, different community characterizations should show distinct sensitivity 
towards various human interferences prevailing at different spatial scales. Thus, we cannot fully support 
the idea that using one community characterization (i.e., taxonomic or functional) as a surrogate of the 
other in developing bioassessment and management strategies. In contrast, freshwater bioassessment 
should adopt an integrative approach embracing different community features to monitor and assess the 
potential impacts of human induced environmental changes on biological communities.  
Conclusion 
Understanding the relationship between different ecological drivers and community characterizations 
today may help in predicting the possible changes in the community structure and ecosystem functions of 
streams in the future. In general, our study illustrated that both taxonomic and functional measures of 
macroinvertebrate communities are good indicators for assessing ecological quality in degraded stream 
ecosystems. In addition, the relative importance of each set of predictor variables (i.e., spatial vs. 
environmental and catchment vs. reach) depends on the biological facet employed (taxonomic or 
functional). Such findings highlight the importance of using different facets of biological communities in 
metacommunity analysis and environmental assessment. Therefore, we argue that this study has strong 
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Fig. 1. Location of the Han River Basin in China and the distribution of 67 sampling sites in the study 
area. Open triangles, gray circles and dark circles represent reference (Good), moderately disturbed (Fair) 




1. Download : Download high-res image (128KB) 
2. Download : Download full-size image 
Fig. 2. Canonical analysis of principal coordinates (CAP) ordination plots based on environmental 
variables (a) using Euclidean distance, and taxonomic (b) and functional (c) abundance datasets using 
Bray-Curtis similarity matrices. 
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Fig. 3. The structure of 39 categories of twelve traits at poor (black), fair (gray) and good (white) site 
groups. Each bar represents the mean percentage with standard deviation of each trait category in three 
site groups. The ratio is the abundance of species with the same trait to the total abundance ratio in a 
sample. All the category codes in each trait refer to Table 1. *Significance level at p < 0.05, 
**significance level at p < 0.01. 
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Fig. 4. Constrained ordination (dbRDA) of taxonomic composition (a and b) and functional structure (c 
and d) of benthic macroinvertebrate assemblages in 67 stream sites. The significant environmental 
variables (a and c show the catchment-scale, and b and d show the reach-scale variables) were selected 
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Fig. 5. Percentages of variation in taxonomic and functional structure explained by environmental 
variables versus spatial factors (a), and catchment versus reach scale environmental variables (b). The 















Table 1. Functional trait classification of benthic macroinvertebrate in the tributaries of upper Han River. 
Trait Trait state Code 
Life history 
Voltinism 
Semivoltine (<1 generation/y) Vol1 
Univoltine (1 generation/y) Vol2 
Bi- or multivoltine (>1 generation/y) Vol3 
Development 
Fast seasonal Dev1 
Slow seasonal Dev2 
Non seasonal Dev3 





Small (<9 mm) Size1 
Medium (9–16 mm) Size2 
Large (>16 mm) Size3 
Resistance and resilience 
Body shape 
Streamlined (flat, fusiform) Shap1 
Not streamlined (cylindrical, round, or bluff) Shap2 
Armoring 
None (soft-bodied forms) Arm1 
Poor (heavily sclerotized) Arm2 
Good (e.g., some cased caddisflies) Arm3 
Occurrence in drift 
Rare (catastrophic only) Drif1 
Common (typically observed) Drif2 





Adult flying ability 
Weak (e.g., cannot fly into light breeze) Fly 1 







General biological characteristics 
Respiration type 
Respiration Tegument Res1 
Gills Res2 
Air (valve, trachea, gas film) Res3 
Trophic groups 
Collector Tro1 
Filterer feeder Tro2 
Herbivore (scraper, piercer, and shedder) Tro3 
Predator (piercer and engulfer) Tro4 
Shredder (detritivore) Tro5 
(Mainly modified from Poff et al., 2006) 
 
Table 2. Summary of the results of Canonical analysis of principal coordinates (CAP) analysis for 
average differences in environmental variables, and taxonomic (species) and functional (trait) 
composition of macroinvertebrate communities among the three site groups. Trace = sum of the canonical 
eigenvalues, delta = the 1st eigenvalue. p-Values (in parentheses) were based on 999 permutations. 
 
Poor Fair Good Total % Correct % Total correct Trace (p) Delta (p) 
Environment 
Poor 20 5 0 25 80.0 
80.6 1.22 (0.001) 0.88 (0.001) Fair 0 20 4 24 83.3 
Good 0 4 14 18 77.8 
Species 
Poor 19 6 0 25 76.0 
76.7 1.34 (0.001) 0.83 (0.001) Fair 3 17 4 24 70.8 
Good 0 3 15 18 83.3 
Traits 
Poor 17 8 0 25 68.0 
70.8 0.68 (0.001) 0.62 (0.001) Fair 3 16 5 24 66.7 


















Table 3. Mean value and SD of environmental variables at three site groups in the Han River Basin. 
 
Abbreviation Good Fair Poor F-ratio p-Value 
Reach scale 
Conductivity (s/cm)⁎ EC 188.64 ± 73.82 223.93 ± 88.27 324.96 ± 85.23 14.257 <0.001 
Dissolved oxygen (mg/L)⁎ DO 10.77 ± 1.02 10.23 ± 0.61 9.56 ± 2.18 5.895 0.004 
Water temperature (°C)⁎ WT 13.29 ± 2.16 13.44 ± 2.07 16.28 ± 2.85 10.52 <0.001 
pH⁎ pH 8.64 ± 0.43 8.61 ± 0.30 8.35 ± 0.37 4.268 0.019 
Turbidity⁎ Turbidity 3.60 ± 3.24 22.77 ± 4.65 103.79 ± 213.04 3.457 0.037 
Width (m)⁎ WD 13.38 ± 10.59 20.33 ± 16.73 33.61 ± 28.61 4.317 0.018 
Mean depth (m) MD 0.22 ± 0.06 0.20 ± 0.07 0.33 ± 0.30 3.067 0.054 
Current velocity (m/s) Velocity 0.69 ± 0.20 0.54 ± 0.16 0.59 ± 0.39 1.187 0.312 
Percentage of Boulder⁎ % Boulder 17.31 ± 9.49 9.29 ± 6.49 2.44 ± 4.02 23.432 <0.001 
Percentage of Cobble⁎ % Cobble 30.77 ± 11.15 31.25 ± 6.95 17.96 ± 11.40 13.248 <0.001 
Percentage of Pebble % Pebble 22.15 ± 6.41 24.79 ± 8.27 19.88 ± 7.98 2.425 0.097 
Percentage of Gravel⁎ % Gravel 18.31 ± 8.74 19.83 ± 4.97 28.48 ± 8.65 11.49 <0.001 
Percentage of Sand and clay⁎ % Sand and clay 11.46 ± 12.40 14.83 ± 12.60 31.24 ± 19.59 9.449 <0.001 
Chemical oxygen demand (mg/L)⁎ COD 1.89 ± 0.54 2.09 ± 0.59 3.70 ± 1.61 17.005 <0.001 
Total phosphorus (mg/L)⁎ TP 0.03 ± 0.02 0.05 ± 0.05 0.21 ± 0.28 6.206 0.004 
Phosphate (mg/L)⁎ PO3 0.02 ± 0.04 0.03 ± 0.03 0.10 ± 0.15 3.941 0.025 
Nitrate (mg/L) NO3 1.58 ± 0.85 1.93 ± 1.10 2.16 ± 1.00 1.395 0.256 
Nitrite (mg/L)⁎ NO2 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 4.366 0.017 
Ammonium nitrogen (mg/L) NH4 0.40 ± 0.29 0.44 ± 0.31 0.52 ± 0.35 0.647 0.527 
Total nitrogen (mg/L) TN 1.99 ± 0.67 2.37 ± 0.93 2.69 ± 0.99 2.61 0.082 
Catchment scale 
Catchment area (km2) CA 174.83 ± 184.28 582.60 ± 100.38 306.56 ± 692.65 1.782 0.177 
Land-use diversity⁎ LD 1.17 ± 0.09 1.27 ± 0.12 1.47 ± 0.15 27.45 <0.001 
Percentage of Agriculture⁎ % Agriculture 7.14 ± 4.34 11.83 ± 7.45 18.54 ± 8.23 11.588 <0.001 
Percentage of Forest⁎ % Forest 80.10 ± 16.14 73.12 ± 17.18 60.60 ± 14.29 7.481 0.001 
Percentage of Grassland % Grass 12.14 ± 14.69 13.98 ± 13.09 17.67 ± 14.54 0.784 0.461 
Percentage of Open water⁎ % Open water 0.06 ± 0.07 0.07 ± 0.08 0.47 ± 0.41 16.277 <0.001 
Percentage of Urban⁎ % Urban 0.17 ± 0.22 0.33 ± 0.33 1.46 ± 2.27 4.98 0.01 
Percentage of Bare land % Bare land 0.23 ± 0.36 0.39 ± 0.34 0.73 ± 0.91 3.041 0.055 
Percentage of Others⁎ % Others 0.15 ± 0.016 0.28 ± 0.28 0.53 ± 0.52 5.16 0.009 
Bold values indicate statistically significance at p < 0.05. 







Table 4. Mean values ± SD of taxon richness, abundance and relative abundance of higher taxa and the 
most abundant families. 
 
Good Fair Poor F-ratio p-Value 
Richness⁎ 36.1 ± 9.1 27.8 ± 7.8 17.2 ± 6.8 32.910 <0.001 
Abundance⁎ 2662.1 ± 980.1 2568.5 ± 1213.1 1405.6 ± 1233.4 8.787 <0.001 
Relative abundance (%) 
     
Insects⁎ 97.9 ± 3.6 97.3 ± 5.1 84.9 ± 14.2 15.321 <0.001 
 Ephemeroptera 39.3 ± 14.4 49.1 ± 21.1 36.7 ± 23.7 2.501 0.090 
 Baetidae 13.4 ± 11.1 16.2 ± 15.3 8.2 ± 10.7 2.591 0.082 
 Ephemerellidae 8.1 ± 5.7 7.3 ± 8.1 4.0 ± 8.7 1.872 0.162 
 Heptageniidae 9.2 ± 6.7 7.8 ± 8.2 5.4 ± 5.7 1.833 0.168 
 Plecoptera⁎ 3.6 ± 3.8 2.0 ± 3.9 0 7.634 <0.001 
 Perlidae⁎ 1.4 ± 1.5 0.9 ± 2.2 0 5.311 0.007 
 Trichoptera⁎ 23.2 ± 14.8 17.4 ± 12.5 6.2 ± 7.5 12.463 <0.001 
 Hydropsychidae⁎ 12.9 ± 12.0 12.8 ± 10.0 5.1 ± 7.4 4.941 0.010 
 Glossosomatidae⁎ 4.9 ± 7.0 0.7 ± 1.9 0 9.682 <0.001 
 Chironomidae⁎ 13.9 ± 14.6 15.3 ± 12.7 31.1 ± 21.7 7.602 0.001 
 Coleoptera 6.4 ± 4.9 3.4 ± 3.9 5.1 ± 13.4 0.696 0.502 
 Elmididae 4.9 ± 4.7 2.7 ± 3.6 2.6 ± 6.9 1.311 0.276 
 Oligochaeta⁎ 0.8 ± 2.2 0.7 ± 1.8 7.2 ± 11.7 6.376 0.003 
 Mollusc⁎ 0.3 ± 0.8 0.6 ± 1.0 5.8 ± 9.7 6.541 0.003 
Bold values indicate statistically significance at p < 0.05. 













Table 5. Summary statistics of the forward selection procedure, showing significant environmental and 













 Pseudo-F p 
Species 
Catchment-scale 
   
Traits 
Catchment-scale 
   
% Agriculture 0.118 10.266 0.001 % Agriculture 0.157 13.883 0.001 
% Forest 0.165 4.792 0.001 % Grass 0.200 4.611 0.009 
% Open water 0.197 3.651 0.001 % Urban 0.228 3.425 0.022 
% Grass 0.222 3.181 0.001 
    
% Urban 0.245 2.812 0.001 
    
% others 0.251 1.648 0.026 
    
Reach-scale 
   
Reach-scale 
   
EC 0.098 8.524 0.001 % Pebble 0.219 20.31 0.001 
NO3 0.132 3.629 0.001 % Gravel 0.282 6.976 0.005 
CODmn 0.152 2.560 0.001 DO 0.315 4.201 0.004 
WT 0.170 2.486 0.001 Velocity 0.345 4.122 0.008 
NH4 0.187 2.336 0.001 NO3 0.374 4.007 0.009 
% Pebble 0.199 2.025 0.002 MD 0.390 2.589 0.045 
TP 0.209 1.711 0.022 
    
DO 0.218 1.710 0.015 
    
Spatial factor 
   
Spatial factor 
   
MEM3 0.068 6.033 0.001 MEM 1 0.075 6.588 0.002 
MEM 1 0.121 5.091 0.001 MEM 21 0.141 6.264 0.005 
MEM 2 0.155 3.665 0.001 MEM 26 0.185 4.582 0.017 
MEM 5 0.182 3.193 0.001 MEM 8 0.206 2.761 0.040 
MEM 4 0.202 2.677 0.001 
    
MEM 21 0.217 2.164 0.004 
    
MEM 8 0.227 1.825 0.011 
    
MEM 26 0.235 1.700 0.031 
    
 
 
